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Abstract: In the current work, the bulk ternary (0.85-x) BiFeO3-xBaTiO3-0.15PbTiO3 (BF-BTx-PT, 
x=0.08-0.35) system has been studied as a potential high-temperature piezoceramics. Samples with 
various content of BT were prepared via solid-state route, and pure perovskite phase was confirmed 
by X-ray diffraction. The temperature dependence of dielectric constants confirmed the decrease of 
Curie temperature with increasing BT content. It was found that the morphotropic phase boundary 
(MPB) composition of BF-BTx-PT ceramics was in the vicinity of x=0.15, which exhibits optimal 
properties with piezoelectric constant d33 of 60 pC/N, high Curie temperature of 550 ℃, and low 
sintering temperature of 920 ℃. Measurements also showed that the depoling temperature was 300 ℃, 
about 150 ℃ higher than that of commercialized PZT ceramics, which indicated good temperature 
stability. BF-BTx-PT ceramics are promising candidates for high temperature applications. 
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1  Introduction 
Many piezoelectric devices require piezoelectric 
ceramics with Curie temperatures higher than that of 
the most widely used lead zirconate titanate (PZT) in 
high temperature environment [1]. The recently-   
covered BiMeO3-PT family of MPB containing 
materials has allowed the development of such solid 
solutions [2-12]. Among these systems, the 
BiFeO3-PbTiO3 (BF-PT) solid solution system is 
peculiar for its high Curie temperature (~700 ℃) and 
large tetragonality (c/a=1.16-1.18) at the morphotropic 
phase boundary (MPB) composition and thus 
promising for high temperature piezoelectric 
applications [12]. However, the applied field required 
to reorient domains is very high which results in the 
high dielectric loss (3.5% for 0.7BF-0.3PT at 1 MHz 
measured at room temperature) and high leakage 
current, and this makes it difficult to achieve good 
piezoelectric properties and well-saturated ferroelectric 
hysteresis loops [13-15]. The same difficulty also 
occurs in BiFeO3-BaTiO3 (BF-BT) solid solution 
system. Recently, Mn-doped BiFeO3-BaTiO3 (BF-BT) 
solid solution system was studied, and a small amount 
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of Mn doping can greatly improve the resistivity of 
resultant ceramics [16-18]. Eitel et al reported that the 
optimal Mn-doped BF-BT solid solution system 
sintered in oxygen atmosphere exhibited excellent 
piezoelectric properties (d33=116 pC/N) with high 
Curie temperature (Tc＞450 ℃) for 25 mol% BaTiO3 
content [16,17].  
Here, the ternary (0.85-x)BiFeO3-xBaTiO3-   
0.15PbTiO3 (BF-BTx-PT, x=0.08-0.35) solid-solution 
piezoceramics were chosen and prepared by 
conventional solid-state synthesis. It is possible for 
BF-BTx-PT system to obtain a MPB range and to own 
high Curie temperature (Tc) with excellent electrical 
properties suitable for high temperature application.  
2  Experimental 
Specimens with the compositions of (0.85-x)BiFeO3- 
xBaTiO3-0.15PbTiO3 (BF-BTx-PT, x=0.08-0.35) were 
prepared by conventional solid-state synthesis. The 
reagent-grade materials of Bi2O3 ( 99.5, Sinopharm 
Chemical Reagent Co., Ltd. or SCRC), Fe2O3(>99.5%, 
SCRC), PbO(yellow, >99.0%, SCRC), TiO2 (>99.0%, 
SCRC), and BaCO3 (>99.0%, SCRC) powders were 
weighed as starting powders according to the nominal 
compositions. The powders were re-mixed, calcined, 
ground, dried and then mixed with polyvinyl alcohol 
(PVA) binder. The powders were pressed into disks 12 
mm in diameter and 1.2 mm in thickness at 200 MPa. 
Following binder burnout at 650 ℃, samples were 
sintered at 800-1100 ℃ (800-960 ℃ for 0.15x  and 
960-1100 ℃ for 0.15x  ) for 2 h.  
Density measurement was performed using the 
Archimedes method. Phase structures were measured 
by a Philips vertical X-ray diffractometer (PW3050/60, 
MPSS) using Cu Ka1 radiation. Sintered pellets were 
ground to the thickness of 0.5 mm, electroded with 
Ag-conductive paste, and fired at 800 ℃ for 40 min for 
electrical property characterization. The samples were 
poled under a field of 3-6 kV/mm for 15 min at 100 ℃. 
Temperature frequency dependence of dielectric 
properties of the ceramic samples was measured using 
an Agilent E4980A Precision LCR Meter from room 
temperature to 650 ℃. The piezoelectric constant d33 
of the poled specimens were measured one day after 
poling using a quasi-static piezoelectric d33 meter 
(Model ZJ-3D, China). The thermal depoling 
experiments were performed by holding the poled 
specimens with Ag electrode for 30 min at various 
temperatures, then cooling to room temperature, 
measuring their piezoelectric constant d33, and 
repeating the procedure up to the temperature above 
their Curie point. 
3  Results and discussion 
It is well known that BF-PT and BF-BT can form solid 
solution in the MPB region, respectively [12,19-22]. 
The MPB compositions were identified as the 
enhancement of piezoelectric properties due to the high 
polarizabilities resulting from the coexistence of 
tetragonal and rhombohedral phases. BiFeO3-PbTiO3 
(BF-PT) has been reported to be a continuous solid 
solution across its entire composition range, with a 
rhombohedral-tetragonal morphotropic phase boundary 
(MPB) at 0.7-0.8 mol BiFeO3 [19,20]. Similarly, it was 
reported that the BiFeO3-BaTiO3 system has three 
structural phase transitions at room temperature over 
the entire compositional range. Above 70 mol% of BF, 
the structure is in the rhombohedral and below 4 mol%, 
it is tetragonal [21]. The crystal structure changes from 
tetragonal to cubic phase at room temperature when 
8 mol% of BiFeO3 was added into BaTiO3 for 
xBiFeO3-(1-x)BaTiO3 [22]. It can be predicted that 
there is a MPB region in the BF-BT-PT ternary system. 
The boundary of the tetragonal and cubic phase was 
not presented clearly enough yet. Figure 1 shows the 
compositional ternary diagram of BF-BT-PT in and 
around estimated MPB regions and the hatched part 
was the predicted MPB compositions in the BF-BT-PT 
ternary compounds.  
 
Fig. 1  Compositional ternary diagram of BF- 
BT-PT indicating compositions synthesized in this 
study. The estimated MPB region was marked by the 
shaded areas. 
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XRD of BF-BTx-PT-sintered pellets indicated 
high-purity perovskite structure without traces of 
secondary phases (Fig. 2) in the studied compositions. 
The lower symmetry phases, being either 
rhombohedral or tetragonal, are identified by splitting 
of perovskite peaks {hkl}, either {111} splitting for 
rhombohedral, or {110} and {100} splitting for 
tetragonal symmetry [23]. It is found from Fig. 2 that 
the crystalline symmetry of BF-BTx-PT shifts from 
rhombohedral to tetragonal with increasing x by the 
splitting of (002)/(200) peaks near 45°, indicating the 
existence of a MPB range near x=0.15. This result is in 
agreement with the result reported in BiScO3-PbTiO3 
system [23,24]. 
Figure 3 shows the relative density of the ceramics 
of the BF-BTx-PT compositions near MPB with 
sintering temperatures. It can be seen that the addition 
of BF can effectively decrease the densified 
temperature of BF-BTx-PT compositions. Furthermore, 
high sintering temperature can deteriorate the density 
for high BF compositions. The optimal sintering 
temperature for x=0.15 near MPB is 920 ℃. 
Figure 4 shows the typical piezoelectric constant 
d33 of BF-BTx-PT ceramics poled under 3 kV/mm and 
saturated poling fields for the composition 0.15,x   
respectively. The composition x=0.15 exhibited the 
highest d33 value (60 pC/N) under the same poling 
field (3 kV/mm). However, the compositions 
( 0.15x  ) show higher piezoelectric properties when 
poled till to saturation (4-6 kV/mm) than that poled 
under 3 kV/mm. It is possible that more dipole 
orientations occurred under high poling fields (4-    
6 kV/mm) than that under low fields (3 kV/mm). 
Theoretically, the composition (x=0.15) near MPB 
owns more dipole orientations than that of far from 
MPB due to the mixed crystallite phases when poled 
till to saturation. However, the increase of BF content 
can result in the difficulty of poling due to the 
enhancement of leakage current and large tetragonality. 
The applied field required to reorient domains is very 
high. Therefore, the compositions of 0.15x  with 
high BF content cannot be poled completely. To 
achieve high electrical fields across samples, materials 
have had to be doped reducing the possibility of 
electrical breakdown for BiFeO3-based system 
[16-18,25]. 
The Curie temperature is an important factor for 
piezoelectric ceramics used in high working 
temperature. Figure 5 shows the variation of Curie 
temperatures with compositions in the BF-BTx-PT 
system. From Fig. 5, it is evident that the Curie 
temperature increases obviously with increasing BF 
content. All the studied compositions exhibit high 
 
Fig. 2  XRD patterns of BF-BTx-PT ceramics for 
x=0.08-0.35.  
 
Fig. 3  Relative density of the ceramics with 
sintering temperatures of the BF-BTx-PT 
compositions near MPB. 
 
Fig. 4  Typical piezoelectric constant d33 of BF- 
BTx-PT ceramics poled under 3 kV/mm and 
saturated poling fields. 
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Curie temperatures compared to PZT system. The 
composition near MPB exhibited high Curie 
temperature of 550 ℃ for x=0.15 and 569 ℃ for 
x=0.10, respectively. 
Thermal depoling temperature of ferroelectrics 
determines the usage range of their application in 
piezoelectric devices. It is well-known that there is a 
polymorphic phase transition for KNN-based lead-free 
piezoelectric ceramics which limits the applications at 
elevated temperature due to thermal instability at high 
temperatures [26]. The effect of thermal depoling on 
d33 values of poled BF-BTx-PT (x=0.15, 0.20, and 0.30) 
ceramics for different thermal treatments measured ex 
situ is shown in Fig. 6. As the temperature increases, 
d33 for the studied compositions remains almost 
constant and then drops dramatically above a critical 
temperature due to thermal depoling. This critical 
temperature can be defined as depolarization 
temperature (Td). As shown in Fig. 6, d33 decreases at 
the temperature above the depolarization temperature 
Td but not zero till to the Curie temperature. This 
remnant piezoelectric constant d33 can be ascribed to 
the asymmetry of crystal structure for the composition 
till to the symmetric cubic structure above Curie 
temperature. Also, Td depends on BT content by the 
variation of the thermal depoling temperature. Based 
upon these results, the BF-BTx-PT (x=0.15) system 
shows potentialities as a new type of piezoelectric 
material used near 300 ℃, about 150 ℃ higher than 
that of commercialized PZT ceramics. 
4  Conclusions 
In conclusion, the structure and electrical properties of 
ternary BiFeO3-BaTiO3-PbTiO3 high-temperature 
piezoceramics were investigated, focusing on the 
electrical properties of the compositions near MPB. 
(1) The MPB region showing the coexistence of 
rhombohedral and tetragonal phases is confirmed near 
x=0.15. 
(2) The composition 0.7BiFeO3-0.15BaTiO3-     
0.15PbTiO3 exhibits a TC=550 ℃, enhanced 
piezoelectric constant d33=60 pC/N, and low sintering 
temperature (920 ℃), respectively. 
(3) Thermal depoling measurement indicates that 
the BF-BTx-PT (x=0.15) composition can be used at 
the temperature near 300 ℃ as a new high temperature 
piezoelectric system. 
Acknowledgement 
The authors would like to thank the support of  the Key 
Programmer of Natural Science Foundation of China (No. 
50932004), the International Technology Cooperation 
Project from the Ministry of Science and Technology of 
China (No. 2011DFA52680), the National Natural 
Science Foundation of China (No. 51102189), the Key 
Grant Project of Chinese Ministry of Education (No. 
309022), the program for New Century Excellent Talents 
in University (No. NCET-11-0685), and the Fundamental 
Research Funds for the Central Universities (No. 
2012-IV-006). 
References 
[1] Damjanovic D. Materials for high temperature 
piezoelectric transducers. Curr Opin Solid State 
 
Fig. 5  The variation of Curie temperatures with 
compositions in the BF-BTx-PT system. The inset 
graphs are the dielectric temperature spectra of 
compositions x=0.10 and 0.15 measured at 1 kHz. 
 
Fig. 6  Effect of thermal depoling on d33 values of 
poled BF-BTx-PT (x=0.15, 0.20, and 0.30) ceramics 
for different thermal treatments measured ex situ. 












Journal of Advanced Ceramics 2012, 1(3): 227-231  231
Mater Sci 1998, 3: 469-473.  
[2] Eitel RE, Randall CA, Shrout TR, et al. New high 
temperature morphotropic phase boundary 
piezoelectrics based on Bi(Me)O3-PbTiO3 ceramics. 
Jpn J Appl Phys 2001, 40: 5999-6002. 
[3] Hu W, Tan XL, Rajan K. Piezoelectric ceramics with 
compositions at the morphotropic phase boundary in 
the BiFeO3-PbZrO3-PbTiO3 ternary system. J Am 
Ceram Soc 2011, 94: 4358-4363. 
[4] Yao ZH, Liu HX, Hao H, et al. Structure, electrical 
properties, and depoling mechanism of 
BiScO3-PbTiO3-Pb(Zn1/3Nb2/3)O3 high-temperature 
piezoelectric ceramics. J Appl Phys 2011, 109: 
014105.  
[5] Chen JG, Shi HD, Liu GX, et al. Temperature 
dependence of dielectric, piezoelectric and elastic 
properties of BiScO3-PbTiO3 high temperature 
ceramics with morphotropic phase boundary (MPB) 
composition. J Alloys Compds 2012, 537: 280-285. 
[6] Zhang SJ, Randall CA, Shrout TR. High Curie 
temperature piezocrystals in the BiScO3-PbTiO3 
perovskite system. Appl Phys Lett 2003, 83: 3150.  
[7] Zou TT, Wang XH, Wang H, et al. Bulk dense 
fine-grain (1-x)BiScO3-xPbTiO3 ceramics with high 
piezoelectric coefficient. Appl Phys Lett 2008, 93: 
192913.  
[8] Sehirlioglu A, Sayir A, Dynys F. 
Microstructure-property relationships in liquid 
phase-sintered high-temperature bismuth scandium 
oxide-lead titanate piezoceramics. J Am Ceram Soc 
2008, 91(9): 2910-2916.  
[9] Sehirlioglu A, Sayir A, Dynys F. Doping of 
BiScO3-PbTiO3 ceramics for enhanced properties. J 
Am Ceram Soc 2010, 93(6): 1718-1724.  
[10] Zou T, Wang X, Zhao W, et al. Preparation and 
properties of fine-grain (1-x)BiScO3-xPbTiO3 
ceramics by two-step sintering. 2008, 91: 121-126. 
[11] Stringer CJ, Randall CA. In situ TEM investigations 
of the high-temperature relaxor ferroelectric 
BiScO3-Pb(Mg1/3Nb2/3)O3-PbTiO3 ternary solid 
solution. J Am Ceram Soc 2007, 90(6): 1802.  
[12] Stringer CJ, Shrout TR, Randall CA. Classification 
of transition temperature behavior in ferroelectric 
PbTiO3-Bi(Me′Me″)O3 solid solutions. J Appl Phys 
2006, 99: 024106.  
[13] Comyn TP, McBride SP, Bell AJ. Processing and 
electrical properties of BiFeO3-PbTiO3 ceramics. 
Mater Lett 2004, 58: 3844-3846. 
[14] Cheng J, Li N, Cross LE. Structural and dielectric 
properties of Ga-modified BiFeO3-PbTiO3 crystalline 
solutions. J Appl Phys 2003, 94: 5153-5157. 
[15] Woodward DI, Reaney IM. Crystal and domain 
structure of the BiFeO3-PbTiO3 solid solution. Appl 
Phys Lett 2003, 94: 3313-3318. 
[16] Leontsevw SO, Eitel RE. Dielectric and piezoelectric 
properties in Mn-modified (1-x)BiFeO3-xBaTiO3 
ceramics. J Am Ceram Soc 2009, 92: 2957-2961. 
[17] Leontsevw SO, Eitel RE. Origin and magnitude of 
the large piezoelectric response in the lead-free 
(1-x)BiFeO3-xBaTiO3 solid solution. J Mater Res 
2011, 26(1): 9-17. 
[18] Itoh N, Shimura T, Sakamoto W, et al. Fabrication 
and characterization of BiFeO3-BaTiO3 ceramics by 
solid state reaction. Ferroelectrics 2007, 356: 19-23.  
[19] Sunder VVSS, Halliyal A, Umarji AM. Investigation 
of tetragonal distortion in the BiFeO3-PbTiO3 system 
by high-temperature X-ray diffraction. J Mater Res 
1995, 10: 1301-1306.  
[20] Fedulov SA, Ladyzhinskii PB, Pyatigorskaya IL, et 
al. Complete phase diagram of the PbTiO3-BiFeO3 
system. Sov Phys Solid State 1964, 6: 375-377. 
[21] Kumar MM, Srinivas A, Suryanarayana SV. 
Structure property relations in BiFeO3/BaTiO3 solid 
solutions. J Appl Phys 2000, 87: 855-862. 
[22] Guo X, Wu Y, Zou Y, et al., Effects of addition of 
BiFeO3 on phase transition and dielectric properties 
of BaTiO3 ceramics. J Mater Sci: Mater Electron 
2012, 23: 1072-1076. 
[23] Chen S, Dong X, Mao C, et al. Thermal Stability of 
(1-x)BiScO3-xPbTiO3 Piezoelectric Ceramics for 
High-Temperature Sensor Applications. J Am Ceram 
Soc 2006, 89: 3270-3272. 
[24] Eitel RE, Randall CA, Shrout TR, et al. Preparation 
and characterization of high temperature perovskite 
ferroelectrics in the solid-solution 
(1-x)BiScO3-xPbTiO3. Jpn J Appl Phys 2002, 41: 
2099-2104. 
[25] Wataru S, Asaki I, Toshinobu Y. Ferroelectric 
properties of chemically synthesized perovskite 
BiFeO3-PbTiO3 thin films. J Appl Phys 2008, 104: 
104106. 
[26] Thomas AS, Tim PC, Steven JM. Temperature 
stability of ([Na0.5K0.5NbO3]0.93-[LiTaO3]0.07) 
lead-free piezoelectric ceramics. Appl Phys Lett 2009, 
94: 222902. 
 
 
